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1. INTRODUCTION

One of the greatest concerns for military and commercial engines is
damage caused by the ingestion of foreign debris'. This impact damage is
known as foreign object damage (FOD). Field experience has shown that FOD
results in nicks and dents and reduces life expectancy of those components
exposed to vibratory loading®. Most of the FOD experienced in the field comes
from sand ingestion with depths of about .076 mm (.003") or less. Figure 1
illustrates engine blades with a variety of FOD indicated by the circle. Due to this
concern, supplementary FOD inspections and guidelines were implemented into
engine maintenance. The guidelines provide instructions of serviceability and
repair limits for damaged engine blades, which are based on the depth of the
defects®. Field FOD inspection is conducted before and after each flight by the
maintenance crew chief, in order to prevent catastrophic in-flight failure®.

Technical Orders (TO) for both flight-line and engine shop maintenance
provide direction on the execution of the FOD inspection as well as serviceability
limits for each rotor blade and stator vane in the engine. Limits for FOD found
during a flight-line inspection are listed in Table 1. The serviceability limits
determine whether the damage needs to be serviced or not. If the damage depth
is below the limit noted in the technical order (TO), it is recorded in the

maintenance log. If the damage depth exceeds the serviceability limit, it is then

1



blended out by filing the blade®. In addition, if the damage depth exceeds the
repairable limit, the engine is pulled out of the aircraft and the blade is replaced.
If the FOD depth found on the 1 stage fan rotor blade exceeds the serviceability
limit shown in Table 1, the 2" and 3" stage rotor blades must be inspected using
a device called a borescope, shown in Figure 2. This device utilizes fiber optics

in order to view the internal engine components®.

| 7

a) 1% stage fan rotor blade b) Compressor rotor blade

c) Close-up of (a) d) Close-up of (b)

Figure 1: In-service FOD (blades form the F-110-GE-100 engine)



Table 1: Flight-line Serviceability and Repairable limits for F110-GE-100 engine

blade leading edges above the root fillet region?

Stage | Blade Serviceable Limit | Repairable Limit

1t Fan rotor 0.76 mm(0.030”) 3.8 mm (0.150”)

2ond Fan rotor 0.76 mm(0.030”) Not repairable/replace blade
3 Fan rotor 0.76 mm(0.030”) Not repairable/replace blade
1t Compressor rotor | 0.41 mm(0.016”) Not repairable/replace blade
2ond Compressor rotor | Data not available' | Data not available

3 Compressor rotor | Data not available | Data not available

4" Compressor rotor | 0.36 mm(0.014”) Not repairable/replace blade
5" Compressor rotor | 0.36 mm(0.014”) Not repairable/replace blade

b) Video flexible borescope®

a) Rigid and flexible borescope®

Figure 2: Borescopes used to inspect engine blades

! These blades can not be inspected in the flight-line due to borescope entrance restrictions.
There are limits in the engine shop TO for all blades.
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The current serviceability limit for the first stage fan rotor blade on the
F110-GE-129 engine, shown in Figure 3, is 0.76 mm (0.030”). If the damage
depth exceeds the maximum repairable limit of 3.8 mm (0.120”), the engine is
pulled out of the aircraft for blade replacement®. In addition, the entire
compressor section must be borescoped, Figure 4a, to determine if there has
been further engine FOD damage. Once blade replacement is accomplished,
the engine is thoroughly re-inspected, shown in Figure 4b, before returning the

engine to operation.

Figure 3: General Electric F-110-GE-100 engine’



a) Borescope inspébtion of the |b) FOD inspection of the Fan rotor
compressor section. blades before returning to operation.

Figure 4: FOD inspection of F110-GE-100 engine

While the maximum serviceable limits for FOD in some jet engines in
operation today range from 0.36 to 0.76 mm (0.014” — 0.030"), the damage
depths found in this study ranged from 0.068 to 0.427 mm (0.0027” - 0.016”).
One item of interest is whether FOD as small as seen in this study provides a
significant fatigue strength debit in simulated engine blade specimens. Another
item of interest is the determination of whether damage depth is a good indicator
of the actual remaining fatigue life of a FOD impacted blade.

Much of the previous impact work has been done on traditional fatigue
specimens or rectangular cross-section bars without a leading edge geometry”?.
Peters, et al.”’, researched the effects of FOD on the HCF thresholds by shooting
steel spheres onto the flat surface of modified Kg specimens. This configuration
was chosen due to its similarity to the blade loading configuration. They found

that the overall effect of FOD markedly reduced the fatigue life compared to that




obtained on undamaged smooth-bar specimens, by providing preferred sites for
the premature initiation of fatigue cracks. In addition, Hamrick® tested both
diamond cross section and uniform rectangular cross section samples to study
the effects of FOD. The samples were either ballistically impacted or by quasi-
static indentation or shearing. He found that different damage methods created
distinctly different damage mechanisms. It was suggested that a total damage
depth parameter could be utilized to allow the use of inexpensive and easily
controlled methods of simulating FOD, such as the quasi-static chisel
indentations, to replace more difficult and expensive means, such as ballistic
impacting.

Due to the growing concern of FOD, a study characterizing the damage
sites is currently underway in order to understand the effects of FOD on high
cycle fatigue strength of engine blades. There are several ways of simulating
FOD in a laboratory environment which do provide an impact site and fatigue
strength debit; however, each method produces different types of damage which
could lead to different crack initiation mechanisms. Characteristic material,
geometries representing the leading edge of engine blades and ‘realistic’ impact
conditions were selected for this research. The goal of this research is to
quantify the various measurable damage parameters and to determine if they

play a role in controlling the fatigue strength in Ti-6Al-4V simulated blades.



2. MATERIALS AND PROCEDURES

2.1 Material Processing

The samples used in this research were machined from Ti-6Al-4V forgings
representative of in-service turbine engine blades. The material was melted and
converted to a 6.35 cm (2.5 “) diameter billet followed by mill annealing at 704°C
(1300°F) for 2 hours and air cooled in accordance with AMS 4928"'. The billet
was then sectioned into forging multiples, 40.65 cm (16”) in length which were
preheated to 938°C (1720°F) for up to one hour prior to being pressed into their
final forging dimensions of 40.64 X 15.24 X 2.03 cm (16 X 6 X 0.8")'". The
forgings were air-cooled off the press. This processing resulted in a
microstructure consisting of 50 vol% of equiaxed primary alpha with an average
20pm grain-size and a 50 vol% of small colonies of lamellar alpha'?, illustrated in
Figure 5. Room temperature tensile properties of the final Ti-6Al-4V plate in the
longitudinal direction included a yield stress, oy, of 930 MPa, and an ultimate

tensile stress, oyrs, of 978 MPa®.

i i

Figure 5: Microstructure of Ti-6Al-4V plate material®



2.2 Specimen & Ballistic Impact

Two diamond cross-section specimen geometries, typical of compressor
airfoil leading edges, were machined to represent a “sharp” edge specimen and a
“blunt” edge specimen, shown in Figure 6. The sharp specimens contained a
0.127 mm (0.005”) LE and the blunt specimens contained a 0.381 mm (0.015”)

LE'.

1.00” R.

(25.0) Blunt LE Sharp LE
o.2f)0”‘—,,=n==.g1 4 L 0.070”

437 (.78)
1

| 1.00”, 1.50” (38
(25) Gage )

—

- 5

0.48”

Section 0.15”

ha— (3.81) 12.2 0.61”
0.68" | T ( | ) (15.5)
(17.3) |
| = - 1
) ~0.015” R. 0.005” R.
1.00” R. (0.38) (0.127)

(25.0)

Figure 6: Diamond cross-section test specimen, dimensions in inches (mm).*°

A single-stage compressed-gas gun was used to ballistically impact the
samples. All impact tests were performed by the Impact Physics Group of the
University of Dayton Research Institute. Figure 7 shows the schematic layout for
ballistic impacting. Each specimen was impacted with 1 mm (0.040”) diameter
glass beads to simulate sand and grit impacts experienced in the field. The

incident angle of debris impacting the LE of in-service blades can vary from 10°
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to 60° on the pressure side of the fan blade. Therefore, glass beads were shot at
0° or 30° incident angles, Figure 8a, to better represent fan and compressor
blade FOD impacts'’. The beads were shot at 305 m/s (1000 ft/s) which
approximates the airflow of a foreign object relative to the blade during takeoff
and landing, where most FOD occurs''. Samples were shot once on each
leading edge on different planes, representing two potential crack initiation sites
per sample. Both notches on a given sample, as shown in Figure 8b, had the
same angle of incidence. Figure 9 is a series of high speed photographs of the
ballistic impact of a 2 mm diameter glass bead'®. The spheres typically shattered
upon impact. These photographs were exposed at 100,000 frames per second,

and the sequence begins from left to right.

a) Target Glass

holder \ Bead

0o
j ;,}‘Impact :

Specimen
AN

b)

L
~ Impact

Figure 7: Schematic of ballistic impact



b)

Figure 8: Ballistic Impact

.
o

iff’/%z

o
Lo
il

Figure 9: High speed film of 2 mm diameter glass bead impact'?
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2.3 Fatique Testing

Fatigue testing was performed by personnel at the U.S. Air Force
Research Laboratory, Materials & Manufacturing Directorate. Since in-service
blades undergo stress ratios ranging from R = 0.1 to R = 0.8, two stress ratios of
R = 0.1 and 0.5 were chosen for this study to represent the idle and peak loading
conditions for in-service blades'. Samples were subjected to tension-tension

axial fatigue at 350 Hz.
— __ min
R — Equation 1: Stress Ratio

A step loading procedure, which has been demonstrated to be effective on
this material, was chosen’. Testing was performed under ambient temperature
and humidity conditions. The samples were loaded at some initial stress and
fatigued for 107 cycles. If the specimen did not fail, the load was increased by
10% of the initial load, and then fatigued for another 107 cycles. This process
was repeated until the specimen failed at N, shown in Figure 10, where N is
the number of cycles applied in the loading block where failure occured. The
fatigue strength was calculated by interpolation between the failure stress and

the stress of the previous step shown in Equation 2'°.
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16

1401
120Ir—,__J_—
1001 fail
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Figure 10: Fatigue step loading procedure'?

Table 2: Strength Calculation Nomenclature

Nomenclature | Detail

Ce fatigue strength

Co previous maximum failure stress (did not result in failure)

Ac step increase

Nbiock 107 cycles
Ntail # of cycles in the loading block where failure occured
N fail Equation 2: Fatigue Strength'®
O, =0,+tA

€ N block
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2.4 Notch Characterization

Prior to fatigue testing, most samples were characterized by a scanning
electron microscope (SEM) for initial FOD impact damage. The damage features
characterized included the notch depth, material loss on the notch surface,
material shear, material folding over the LE, embedded glass from the shattered
bead, and microstructural damage such as deformed grains. These will be
discussed later in further detail. The notches were photographed at a variety of
views: normal to the leading edge (Figure 11a), in the direction of impact (Figure
11b), profile of the leading edge (Figure 11c), and profile of the notch (Figure
11d). Figure 12 shows the views taken for a failed notch at a 30° impact on a
sharp LE. In addition, the broken samples were tilted 30° along the length of the
LE to view the notch/fracture interface as seen in Figure 13. This view provided

insight into the crack initiation location.
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C) acfure/notch view; Section A;
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Figure 13: Fracture views of failed notch for sample 4-22
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2.5 Sample polishing and micro-sectioning

Selected fractured samples, Figure 14a, were mounted and micro-
sectioned in order to inspect the damaged area near the fracture section. These
samples were cut using a diamond saw % inch down from the fracture surface
and mounted, Figure 14b, using a conducting powder, and a Simplemet
mounting press. The height of each mounted sample was measured and
recorded. Then they were ground down 1.78 mm (.035”) for the blunt LE and 1.0
mm (.039”) for the sharp LE in order to reach the center of the LE, shown in
Figure 15. The grinding process was achieved by using a Phoenix
grinding/polishing machine. The sample was ground beginning with a 400 grit

paper and then with a 600 grit paper.

Once the grinding process had been completed, the samples were
polished beginning with a 15 um diamond slurry followed with a 6 um slurry on
the same machine. For the final polishing, they were first placed in a 1 um slurry
on the Vibromet polisher overnight. Finally they were moved to a .05 um slurry

on the Mastermet polisher for 4 hours. All of the polishing was accomplished

with diamond slurry.

The samples were etched using Kroll's etchant for Ti-6Al-4V (100ml of
water, 4ml of nitric acid, and 2ml of Hf) after final polishing. The etchant was

placed on the polished surface for approximately 30 seconds to 1 minute per
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sample in order to bring out the microstructure. Photographs of the etched
samples were taken using a microscope at a variety of magnifications: 50X,

100X, 200X, 500X, and 1000X.

Mount

¥Unitiating

Surface \ <4— Notch

Region of
interest

Figure 14: a) lllustration of Fractured Sample; b) Top view of mounted sample

Fractured
Mount /Sample

Grind-off

i/ depth
T

Figure 15: Profile view of mounted sample
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The sample characterized consisted of a total of 34 specimens with two

notches per sample.

incidence. They were separated into 4 batches designated sample treatment,
sample geometry, FOD, and fatigue test conditions. All of the untreated batches
contained samples with both 0° and 30° shots, shown in Table 3. The heat-
treated samples only contained 30° shots. These seven samples were stress

relieved in order to evaluate the effect of residual stresses on the failure of the

3. RESULTS AND DISCUSSION

3.1 Testing Conditions

Both notches on each sample have the same angle of

samples. They were heat-treated at 704°C (1300°F) for 1 hour in vacuum™.

Table 3: Samples characterized at the list of each condition

Batch LE Stre§s Number of | Number of | Heat treated
Ratio | 0° samples | 30° samples | 30° samples

1 Sharp 0.1 2 6 2

2 Sharp 0.5 2 3 1

3 Blunt 0.1 2 4 2

4 Blunt 0.5 2 5 2
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3.1.2 Effects of Angle of Incidence

Results of the tests performed on the samples for 0° and 30° incident
angles are presented in Figure 16. The data represents the average normalized
fatigue strength, cnom, for each batch at 0°, indicated by the clear bars, and at
30°, indicated by the shaded bars. The fatigue strength for each sample, Gsampie,
was normalized using the fatigue strength of tested un-notched (un-impacted)
smooth round-bar specimens, Gsmootn (Equation 3). The average fatigue strength
of the smooth bar is 568 MPa at R = 0.1 and 660 MPa at R = 0.5%. Normalized
fatigue strength of 1.0 is that of the un-notched smooth bar sample, which is
considered to have a 0% debit in fatigue strength. A reduction in fatigue strength
would be indicated by an average normalized fatigue strength of less than 1.0, as

seen in Figure 16.

sample

Equation 3: Normalized Fatigue Strength

o o
norm o

smooth

All 34 impacted samples exhibited a decrease in fatigue strength. The 0°
impacts appear to have lower fatigue strength degradation than the 30° impacts,
see Figure 16. A surprising observation is that the sharp LE samples displayed

higher fatigue strength than the blunt LE samples.
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Figure 16: Average normalized fatigue strength of batches 1 through 4

Preliminary finite element analysis, conducted by C. Weeks'", implied that
the impact of a 0° shot leaves behind residual compressive stresses on the notch
area as shown in Figure 17a. If this is true, these compressive stresses, which
are similar to those generated by shot peening, could result in an improvement of
the fatigue strength at the notch area, see Figure 17a. Shot peening is a cold
working process that results in residual compressive stresses which improves the
fatigue strength of the component'®.

It is hypothesized that the 30° impact samples, on the other hand, have a

gradient of residual stresses across the notch area in the direction of impact™,
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shown in Figure 17b. These stresses could range from tensile to compressive.
The 30° impacts have an entrance and an exit in the notch area as the bead
traveled through, leaving behind this gradient of residual stresses. True head-on
0° impacts do not, generally, have an entrance and an exit location; thus a

gradient of tensile and compressive stresses would not exist.

a) Head-on 0° impact b) Angled 30° impact

Residual
Compressive]
Stresses

= Notch Area —

S

_ Entranc

P
Residual
Compressive
Stresses

|
Residual
Tensile |
Stresses |

Figure 17: Schematic of residual stress fields on ballistic impact sites; a) A head-
on 0° impact on a blunt LE; b) An angled impact on a blunt LE, the schematic is

based on ref 14
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a) Head-on 0° impact b) Deflected 0° impact
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Figure 18: Postulated residual stress fields on ballistic impact sites; a) A head-on
0° impact on a sharp LE with loss of material; b) A deflected 0° compressing the

sharp LE to one side. The schematic is based on ref 14

Approximately 80% of the 0° shots fired at the sharp LE samples did not
hit the leading edge head on, but were off center as shown in Figure 18b. Figure
19 and Figure 20 show photographs of representative 0° impacts for both the
sharp and the blunt edges. In each of those pictures the top photo shows the

failed notch, and the bottom is that of the un-failed notch. The center of the LE is

23



indicated by the dashed line. The off center shots create little damage to the
leading edge. Instead the material is shifted to one side, possibly leaving behind
residual compressive and tensile stresses similar to that of an angled shot shown
in Figure 17b and Figure 18b. As expected, the sharp edge is difficult to hit head
on. Consequently, none of the 0° impacts hit the LE head-on, instead they
impacted on one side of the LE, compressing it as suggested in Figure 19. This
may be one reason why the 0° impact samples showed higher fatigue strength
than the 30° impact samples, especially for the sharp edge samples. In this
case, there might be a higher level of residual compressive stresses than a
typical angled impact, because the bead compresses the material to one side
instead of shearing it from entrance to exit.

Since the blunt LE is wider, 25% of the 0° impacts actually hit the LE
head-on, with the remaining 75% resembling those of angled or 30° impacts on
blunt edges, shown in Figure 20. These 0° impacts produced more damage on
the blunt edge than those for the sharp edge. The similarity in fatigue strength
debit between the 0° and 30° impacts for the blunt LE could be due to the fact

that the damage from 0° impacts resemble that of damage from 30° impacts.
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3.1.3 Effects of Leading Edge Radius

Even though the sharp edge was difficult to hit head-on, most of the 30°
impacts did not miss. Figure 22 illustrates the effect of LE radius on the
normalized fatigue strength for both incident angles. The data is sufficiently
scattered to conclude that the LE radius has little or no effect on the fatigue
strength of FOD impacted samples. Further data on the effects of edge radius
on fatigue strength can be found in Figure 23 for both incident angles. Here the
estimated loss of material is compared to the fatigue strength for sharp and blunt
LE. Again, there is no clear correlation between the two. LOM will be discussed

later.
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3.1.4 Effects of Heat Treatment

Seven samples were stress relieved to study the effects of residual
stresses on the fatigue strength debit of impacted samples. The annealing
process was conducted at 704°C (1300°F) for 1 hour in vacuum'. A comparison
of the results for the four testing conditions is summarized in Figure 24. The
average normalized fatigue strength of un-stress relieved samples is compared
to stress relieved samples, see Table 4. The stress relieved samples generally
showed higher fatigue strength over the non-stress relieved except for batch 2.
Unfortunately there was only one sample (9-1) tested for batch 2 shown in Figure
25. This sample showed severe damage with large amounts of material loss,
embedded glass (indicated by the dark areas in Figure 25¢), and jagged edges
providing suitable crack initiation sites, shown in Figure 25b. Figure 26 shows
one of the notches for each of the remaining stress relieved samples tested.
Two of the seven samples did not fail at either notch, shown in Figure 26d and f.
Both damage sites on each of those samples were very similar. Figure 26d
shows that the bead did not impact the center of the LE but dented it from the
side. On the other hand, in Figure 26f the bead hit head on to the LE and
provided a good impact site. For both of these two samples, there was not much
damage in the form of material loss, folds and embedded glass. The annealing

process reduced any residual tensile and compressive stresses that would have
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been present, which, as discussed in previous sections, may be beneficial or
detrimental to fatigue strength. In contrast, the remaining five samples exhibited
damage sites with loss of material, shown in Figure 26a, ¢ and e. Figure 26b
does not have loss of material, but it does contain embedded glass. Most of the
samples, which failed at one of the two notches, contained embedded glass. It is
possible that some silicon from the glass diffused during annealing into the
titanium alloy producing an embrittled area in the notch'®, thus providing a weak
spot in the notch area, susceptible to failure. The loss of compressive or tensile
residual stresses appear to play a role in the level of fatigue strength
degradation. However, damage on the impact zone seems to play a more

significant role in fatigue strength degradation.
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3.2 Effects of Damage Features

The damage features being characterized are the result of ballistic impact.
These include the notch depth, loss of material on the notch surface (LOM),
microstructural damage such as deformed grains, and other damage features
such as material shear, material folding over the LE, and embedded glass from

the shattered bead.

3.2.1 Effects of Notch Depth
The notch depth was measured by rotating the SEM stage to achieve a profile
view of the notch, as shown in Figure 27. These two notches are from the same
sample and were impacted at 30°. Figure 27a shows a fairly shallow notch with
loss of material and Figure 27b shows a deeper notch with loss of material.
Figure 28 is a comparison of the depth of the failed notch, where crack initiation
occurred, and the un-failed notch for each specimen impacted at 0°. In most of
the cases, where failure initiated at the notch, it failed at the deeper of the two
notches. The average damage depth of failed notches is 0.2 mm (0.008”) and
0.12 mm (0.005”) for un-failed notches. The 0° impacts failed at the deeper
notch 65% of the time. The 30° impacts failed at the deeper of the two 85% of
the time, as shown in Figure 29. Figure 30 shows that the failed notch alone had

no direct effect on the normalized fatigue strength.

36



Small Notch D

B X 300. PHOSGe 658

b) Notch 487

Figure 27: Characteristic Notch Depth (sharp LE with a 30° impact, sample 4-22)

0.30

0.20

Notch Depth (mm)

0.05

0.00

Figure 28: Depth of failed vs. un-failed notches for 0° impacts (sharp and blunt

LE).

O Failed Notches
E Un-failed Notches

T

3-19

Sample ID

37




Failed Notches

OUn-failed Notches

0.4500

0.4000 -

0.3500 -

(ww) yadaqg yoloN

Sample ID

failed notches for 30° impacts (sharp and blunt
38

Figure 29: Depth of failed vs. un-

LE)



i 0
O °

0.8 — °
£ s O
> - . C
[}
= ° BD‘O °
g 0.6 — ° o
2 ° ° °
T
8 04—
E —B—0=0°
5 ] ——0=30°
P

02 —

0 | | | | |
0 0.1 0.2 0.3 04 0.5

Notch Depth (mm)
Figure 30: Notch depth vs normalized fatigue strength (sharp and blunt LE)

39



3.2.2 Effects of Loss of Material (LOM)

Another feature observed was the loss of material (LOM) from the surface of the
notch, which was found on 65% of the failed notches and only 20% of the un-
failed notches. This feature was observed and characterized, as shown in Figure
31, by visual estimation using an SEM, where the two notches are from the same
sample. Figure 31a illustrates a notch with no material loss and a smooth
surface. This is a 30° impact, where the bead seems to have only “dented” the
leading edge. On the other hand, Figure 31b shows a rough and jagged notch
where there is material loss. Crack initiation occurred at this notch.

In Figure 32, an attempt was made to correlate the loss of material for the
failed notches to the average normalized fatigue strength. Loss of material for
30° impacts shows highly scattered results indicating that LOM alone has no
clear effect on fatigue strength. However, there is a general trend to the average
normalized fatigue strength for the 0° impacts such that the larger the material
loss, the lower the fatigue strength. Unfortunately, only two out of eight 0°
impacts actually hit head-on to the LE, Figure 32 b and c, the remaining six
missed the edge slightly and created an abnormal impact, seen in Figure 32a.
Additional 0° impacted samples need to be tested to confirm this trend due to the

fact that the high cycle fatigue strengths are so highly scattered. Even though
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the amount of LOM may not have an effect on fatigue strength debit, the result of
such damage can produce sharp edges and micro-folds on the surface of the
notch or the possibility that as material is removed, so are the residual
compressive stresses in that area. Samples generally failed at the notch with
LOM: 81% of the 30° impacted samples failed at the notch with LOM, shown in
Figure 33, and 75% for the 0° impacted samples, shown in Figure 34.

In most cases LOM provides a suitable crack initiation site for failure to
occur. Figure 35 illustrates the fracture surface for sample 3-19 (shown in Figure
32c), with a large amount of LOM. In addition to the LOM, the notch contained
embedded glass from the shattered bead. The crack did not initiate at the
embedded glass, but at a slight fold in the LOM section of the notch denoted by
the circle. The depth of this notch was 0.273 mm (0.0107”) and the fatigue

strength debit of this sample was 49% of an un-notched sample.
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3.2.3 Effects of Microstructural Damage

Precision micro-sectioning was performed on a limited number of fatigued
samples. An example is shown in Figure 36. These particular photos were
taken at the mid-plane of a fractured sample with a 53% fatigue strength debit
and a notch depth of 0.21-mm (0.0083"). Evident from each photo is a band of
deformed grains along the periphery of the notch, typically 60-100 um wide.
While there was no evidence of subsurface cracking in the direction of eventual
crack growth in any of the samples examined, multiple shear bands roughly
parallel to the notch were observed in all of the micro-sectioned samples. The
fact that these bands are oriented parallel to the applied loading direction
(perpendicular to eventual fatigue cracking and to the impact direction) indicates

that their presence may have little influence on the fatigue life.

2, WA i
CESSEIELTT

Figure 36: Precision Micro-sectioning of sample 3-13

46



3.2.4 Effects of Other Features

Other damage features that were apparent in the impacts include material
shear in the notch region (Figure 37a & b), material folding over the LE (Figure
37c), and embedded glass from the shattered bead (Figure 37d) which was
confirmed by energy dispersive spectroscopy, shown in Appendix B. None of
these features alone appeared to have any significant effect on the fatigue
strength. On the other hand, shearing and folds did provide suitable crack
initiation sites for some of the samples. Figure 38 illustrates the fracture of
sample 3-4, which had a notch depth of 0.182-mm (0.0071”) and a fatigue
strength debit of 64%. The pre-fracture condition of the notch indicates a material
shear (or tearing) indicated by the circle in Figure 38a. The post-fracture
condition of the notch shows that the fracture initiated somewhere behind the

material shear, Figure 38b & c.
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3.3 Initiation Location in the Impact Notch
Previous research shows that fatigue failures of samples ballistically
damaged with larger steel balls at similar velocities failed at the edge (rim) of the

notch”'°.

Data in the present research program found that failure generally
occurred in the central region of the notch (indicated by the 0.25-0.50 region in
Figure 39). Regardless of the condition (notch depth, LOM, shearing, or
embedded glass) of the notch, failure occurred at or near the center of the notch
for 30° impacts. There is no clear correlation for 0° impacts, partially due to data
scatter and a limited number of data points, as seen in Figure 40. The difference
in the failure sites between this and previous work may be due to the heavier ball
that was used and the resulting impact damage in the case of the previous
studies. In addition, Ti-6Al-4V flat specimens were used in the previous research
and were impacted on the flat surface of a larger fatigue specimen as opposed to

this investigation in which thin samples were impacted on the edge; the latter

being more representative of an actual airfoil edge.
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4. CONCLUSIONS

High-cycle fatigue testing showed fatigue strength degradation as a result of the
impact-induced edge-damage. The following sample edge-damage features
were characterized using an SEM: the notch depth, loss of material (LOM) on the
notch surface, material shear, material folding over the LE, and embedded glass
from the shattered beads. Residual stresses that appear to play a role in fatigue
strength degradation. However, damage in the impact zone seems to play a
more significant role in fatigue life degradation. Samples with a 30° impact
generally had a higher fatigue strength debit than those with 0° impacts.
Fracture initiation generally occurred at the deeper of the pair of notches for most
of the samples, both 0° and 30° incident angle. In addition, initiation generally
occurred at the deeper section of the notch. However, the notch depth of the
failed notch had no direct effect on the fatigue strength. Loss of material for 30°
impacts showed highly scattered results indicating that LOM alone has no effect
on the fatigue strength. The data for the 0° impacts, on the other hand, did show
a general trend where the larger the material loss, the lower the fatigue strength.
Additional testing of 0° impacts is needed to verify this trend. Samples generally

failed at the notch with LOM: 81% of the 30° impacted samples failed at the
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notch with LOM, and 75% for the 0° impacted samples. Even though LOM itself
can not be correlated to fatigue strength debit, the result of such damage
produced sharp edges and micro-folds on the surface of the notch, which could
provide suitable sites for crack initiation. The same is true for material shear and
folds, but not for embedded glass. Regardless of the condition (notch depth,
LOM, shearing, or embedded glass) of the notch, failure occurred at or near the
center of the notch for 30° impacts, but there is no clear correlation for 0°
impacts, partially due to data scatter and a limited number of data points.
Precision micro-sectioning showed shear bands which are oriented parallel to the
applied loading direction (perpendicular to eventual fatigue cracking and the
impact direction). The role of these shear bands on fatigue strength is believed
to be benign, but further research is being conducted.

It is apparent that the fatigue strength of simulated blades is reduced by
impacting with glass beads, which simulates FOD in engines. As the 30° incident
angle represents a more typical engine FOD condition, the lower fatigue life of
these impacts should be looked at with great concern. There are many more
factors than damage depth which play a role in the degradation of this fatigue
strength. Even though the damage features discussed are not directly correlated
to the debit in fatigue strength, their presence provides suitable crack initiation

sites, which could decrease the life of the blade.
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5. SUGGESTED FUTURE RESEARCH

A great amount of insight has been gained from this research; however,
there are many areas where additional research is still required. A larger sample
pool is needed to verify some of the trends seen in this research. These trends
include the greater fatigue strength debit found in blunt LE samples over the
sharp LE samples; the effects of residual stresses on fatigue strength, and the
effects of loss of material on 0° impacted samples. In addition, the initiation site
of notch-failures should be investigated to provide insight into the nature of crack

initiation of ballistically impacted DCT specimens.
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Figure 41: EDS 1, on glass of sample 4-19, 30° impact on sharp LE.

60



1200 cm short close to glass

T
1100

1000

@a+3con

- Al v

/ St ,\
) A II‘ | \A\A/‘"« A A j |
’_/J W VI VWWW bmrmﬂm,ﬂ_,.wmd,‘,‘m“_ T
0.5 1 1.5 2 2.5 3 3.5 4 Dk

" 4.5 5 5.5 T Iy p i st g
Energy (keV)

Figure 42: EDS 2; 5 um into the titanium alloy, away from the glass; 30° impact

on sharp LE.

61



1100

1000+

700

W+ EcO0NM

200
TL

100

cm short base material frec. surface
T

2

0.5

i

1.5 3 2.5 3 3.5 : 45 T 55 % 6.5

Energy (keV)

Figure 43: EDS 3; 100um into alloy; 30° impact on sharp LE.
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